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the most common lower reproductive tract infectious disease in reproductive age women. It is 48 associated with a range of health issues such as pelvic inflammatory disease,(2-4) 49 infertility,(5) preterm delivery,(6) tumors (7, 8) and sexually transmitted diseases. (9-11) 50 Vaginitis was previously diagnosed by culturing bacteria in the vagina, which may overlook 51 some fastidious bacteria that have not been isolated by culture.(12) Nowadays, the diagnosis 52 of BV is typically made by Amsel criteria(13) or Nugent score.(14) 53 With the advent of high-throughput sequencing methods, more and more studies have 54 proposed 16S rRNA sequencing to estimate the composition of vaginal microbiome. (15-17) 55 Partial amplification of bacterial 16S gene sequences with primers across hypervariable 56 regions, mainly including V1-V2 region (15, 18) and V3-V4 region,(17, 19, 20) is a common 57 method to describe vaginal bacterial populations. However, it has been shown that different 58 selection of primers for amplification can bias the results of 16S amplicons for microbiome 59 studies.(21) For example, it has been reported that the universal bacterial 27F primer (5'-60 AGAGTTTGATCCTGGCTCAG-3') is not suitable for targeting vaginal bacteria in BV such 61
as Gardnerella vaginalis.(22) Thus the V1-V2 region primers (27F-338R) did not efficiently 62 evaluate the microbiome in BV.(23) 63
Based on the above research, we modified the sequence of the 27F primer (hereafter 64 denoted as 27F'). And we sequenced three 16S rRNA sequencing protocols, i.e., 27F'-338R, 65 27F-338Rand 341F-806R protocols, naming after their PCR primer sets, to test which 66 provides the best species-level resolution of the vaginal microbiome by means of in silico 67 analysis and experimental evaluation. 68 69 70
Results

71
27F-338R and 341F-805R 16S rRNA protocols could not estimate female vaginal 72 microbiome accurately. 73 We first checked whether the widely used 27F-338R and 341F-805R 16S rRNA protocols 74 were capable of evaluating the vaginal microbiome from women accuratly. 16S rRNA 75 sequencing was applied on the collected vaginal swab samples from 28 healthy women and 76 10 women with BV. As shown in Table 1 , the top 10 bacteria that showed highest 77 abundance across all the samples were denoted as the representative bacteria of vaginal 78 microbiome. For each sample, any representative bacteria with abundance over 10% was 79 denoted as a major species (highlighted in bold and italic) and others are labeled not detected 80 (ND). 81
First, the abundance of Gardnerella vaginalis showed a significant difference between 82 27F-338R and 341F-805R protocols: in the 27F-338R protocol, only 2 out of 10 BV samples 83 (20%) showed Gardnerella vaginalis as a major species, while in 341F-805R protocol, 10 out 84 of 10 BV samples (100%) showed Gardnerella vaginalis. Gardnerella vaginalis was 85 confirmed by morphology and microscope results in all the BV samples (Appendix Figure  86 1), thus the 341F-805R protocol is more accurate in women. What's more, with Lactobacilli 87 and Gardnerella vaginalis specific primers, our qPCR validation from 15 random samples 88 also supported the results of 341F-805R protocol (Appendix Figure 2) . 89
It was also noted that another unexpected bacterium, Lactobacillus gallinarum, showed 90 up as a major species in 12 out of 28 healthy samples ( We quantified the differences between the 27F-338R and 341F-805R 16S rRNA protocols by 101 the fetching efficacy of primer set and the identity of target regions. To do so, we evaluated 102 the alignments of primer set and target region to the reference databases. To eliminate the 103 potential bias caused by certain reference database, we tested two databases in parallel, i.e., 104 SLIVA and NCBI 16S Microbioal database. 105
First, we aligned the PCR primer sequences of 27F, 338R, 341F and 805R to the 106 reference 16S rRNA sequence databases to evaluate the primer fetching efficacy. As shown 107
in Figure 1A , 27F primer could not align all of the reference sequences (88.9% in SLIVA 108 database and 57.3% in NCBI 16S Microbioal database), compared to 100% for 338R, 341F 109 and 805R primers (in both databases). Two species, i.e., Gardnerella vaginalis and 110
Bifidobacterium bifidum, were found unable to align with the 27F primer. Another human 111 vaginal microbiome characteristic species, Atopobium vaginae, was also found imperfect 112 match with the 27F primer. This is consistent with a previous work that argued 27F primer 113 could reduce PCR efficiency.(22) This also explained why the Gardnerella vaginalis was 114 negligible in low abundance from the 27F-338R protocol results. 115
Second, we extracted the target regions corresponding to primer sets of 27F-338R and 116 341F-805R (V1-V2 and V3-V4, correspondingly) and count the identical sequences shared 117 by different species. As shown in Figure 1B , there were much more species that share 118 identical sequences with others in the target region of 341F-805R protocol (1062 for SLIVA database, 747 for NCBI 16S Microbioal database and 543 for intersection of the two 120 databases) than 27F-338R protocol (36 for SLIVA database, 16 for NCBI 16S Microbioal 121 database and 0 for intersection of the two databases). We further checked the species that 122 share identical sequences with others, and found that Lactobacillus crispatus share identical 123 sequence with Lactobacillus gallinarum, in the target region of 341F-805R primer set 124 ( Figure 1C) . This explained why Lactobacillus gallinarum showed in high abundance from 125 the 341F-806R protocol results. 126
To optimize the 16S rRNA protocol, we modified the sequence of 27F primer (see 127
Methods for details), to allow higher PCR fetching efficacy. The modified 27F primer was 128 denoted as 27F' and the corresponding 16S protocol was named as 27F'-338R protocol. As 129 shown in Figure 1A , in the SLIVA and NCBI 16S Microbioal databases, the 27F' primer 130 aligned 92.6% and 63.4% of reference 16S rRNA sequences, correspondingly; higher than 131 the alignment rate of 27F (88.9% and 57.3%, correspondingly). What's more, the 27F' 132 primer showed perfect match with Gardnerella vaginalis, Bifidobacterium bifidum and 133 Atopobium vaginae. In addition, as shown in Figure 1B We furthur validated the 27F'-338R protocol. First, we merged all the BV samples to count 142 the abundance of the top ten bacteria for three 16S protocols (Figure 2A) . The top 10 species 143 found in BV condition included Gardnerella vaginalis, Prevotella spp., Lactobacillus iners,
Veillonellaceae bacterium, Sneathia amnii, Clostridiales bacterium, Atopobium vaginae, 145
Chlamydia trachomatis, Sneathia sanguinegens and Candidatus saccharibacteria. Overall, 146 we noticed that the results from 27F'-338R and 341F-806R protocols were quite similar and 147 the 27F-338R protocol seemed quite different. The Gardnerella vaginalis's relative 148 abundance is about 41%, 33% and 8%, when applying the 27F'-338R and 341F-806R and 149 27F-338R protocols, respectively. This indicated that the low Gardnerella vaginalis 150 estimation from 27F-338R protocol was recalibrated by the 27F'-338R protocol. Second, we 151 merged all the healthy samples to count the abundance of top bacteria under different 152 protocols ( Figure 2B) is because of misalignment due to the identical sequence in the target region. In conclusion, 160 we showed that the 27F'-338R protocol could recalibrate the biased estimation of 161
Gardnerella vaginalis and Lactobacillus crisptus. As shown in our trial experiments, the 27F-338R protocol under-estimated the 216 abundance of Gardnerella vaginalis. In addition, we showed that 16S rRNA sequencing 217 protocol utilizing V3-V4 hypervariable region would also introduce bias: the 341F-806R 218 protocol misaligned Lactobacillus crisptus to other in-relevant Lactobacilli. What's more, 219 these biases only occurs in its own protocol, but could not be repeated in the other protocol. 220
Therefore, we reasoned that such bias was not sample or ethnic group related, but instead, 221 associated with unoptimized 16S rRNA sequencing protocols. We have pinned down that 222 primer sequence and target region are the major contributor for the bias. Subsequently, we 223 have optimized the protocol, using the modified 27F primer and chose the V1- Serval further works will be updated regard the following aspects. In this study, we 236 used BV sample and healthy samples, because the vaginal microbiome is mainly dominated 237 by bacteria in these two groups. Another bacterium dominate disease, aerobic vaginitis, will 238 be tested in our subsequent work. Yet, one disadvantage of the 16S rRNA sequencing was 239 exposed, as well and that is that the 16S rRNA sequencing is not suitable for the diagnosis of 240 TV, VVC, HPV, HIV and so on. Currently, we used the clinical diagnostics such as such as 241 morphology and culture of the characteristic species as ground truth of human vaginal 242 microbiome's composition. However, the composition of human vaginal microbiome is 243 constantly being updated as more and more new technologies are being applied, such as 244 metagenome related technology. It should also be noted, that as we were restricted by the 245 sequencing platform, we only tested the target regions of the V1-V2 and V3-V4, leaving the 246 V1-V3, V4, V4-V6 target regions unexamined, albeit future work will examine such target 247 regions not included in the present study. April to October 2018. All women were aging between 18 and 50 years old and were not 266 pregnant or breast-feeding. The protocol was approved by the Medical Ethics Committee of 267
Beijing Tsinghua Changgung Hospital. Written informed consents were obtained from each 268 participant. 269
Sample collection and DNA Extraction 271
The vaginal secretions were obtained via two swabs. One swab was used to prepare a dry 272 slide for Gram staining, under 400× magnification for visual detection, to test for AV, BV, 273 VVC, and TV. The criteria of Donders(25) and 806R (5'-GGACTACNNGGGTATCTAAT-3'). The V1-V2 regions were also amplified 292 with our modified primers 27F' (5'-AGRGTTYGATYCTGGCTCAG-3') and 338R (5'-293 GCTGCCTCCCGTAGGAGT-3'). All PCR reactions were carried out with Phusion® High-294 Fidelity PCR MasterMix (New England Biolabs). The PCR products examined with 400-295 450bp were chosen and mixed in equal density ratios. Then, the mixture PCR product was 296 purified with Qiagen Gel Extraction Kit (Qiagen, Germany). Sequencing libraries were 297 generated using a TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, USA) 298 following the manufacturer's recommendations and index codes were added. The library 299 quality was assessed on the Qubit@ 2.0Fluorometer (Thermo Scientific) and Agilent 300
Bioanalyzer 2100 system. At last, the library was sequenced on an Illumina HiSeq 2500 301 platform and 250 bp paired-end reads were generated. 302 303
Reference Database 304
We compared SLIVA and NCBI in the following evaluations, as the Green genes database 305 has not been updated since 2013 (26) Paired-end reads were assigned to samples according to the sample-specific barcode and 312 truncated by cutting off the barcode and primer sequence. Use the software 313 FLASH(V1.2.7)(28) to merge paired-end reads. According to the QIIME(V1.7.0)(29) quality 314 control process, the raw tags were mass filtered under specific filtration conditions to obtain 315 high quality clean tags.(30) 316
The 16S sequence reference index was built using the command "bowtie2-build", 317 with default parameters. All reads were aligned against the prebuild index using bowtie2, 318 with parameter of "bowtie2 --local". Alignments were associated to taxonomy by a sequence-319 id-to-taxonomy map, provided by the reference database, using a custom Perl script. Unique 320 reads were counted for each taxonomy and abundance was calculated for all taxonomy. 321
Species with abundance lower than 1% or reads number less than 5 were excluded. 322
qPCR validation 324
Lactobacilli and Gardnerella vaginalis specific qPCR primer and probe sequences were 325 synthesized as previously described. The vaginal compositions from 28 healthy and 10 BV samples utilizing 27F'-338R protocol 453 were clustered and colored by relative abundance (from low to high abundance, color 454 changes from green to red). 455
